Measurement-based quantum computing is one of the most promising quantum computing models. Although various universal resource states have been proposed so far, it was open whether only two pauli bases are enough for both of universal measurement-based quantum computing and its verification. In this paper, we construct a universal hypergraph state that only requires X and Z-basis measurements for universal measurement-based quantum computing. We also show that universal measurement-based quantum computing on our hypergraph state can be verified in polynomial time using only X and Z-basis measurements. furthermore, in order to demonstrate an advantage of our hypergraph state, we construct a verifiable blind quantum computing protocol that requires only X and Z-basis measurements for the client.
. Toward realizations of universal quantum computers, several quantum computing models have been proposed, such as the quantum circuit model 4 , adiabatic quantum computing 5 , measurement-based quantum computing (MBQC) 6, 7 , and topological quantum computing 8 . Among these, MBQC is one of the most promising models. In MBQC, quantum computing proceeds via adaptive single-qubit measurements on a highly entangled state, a so-called universal resource state. This important advantage of MBQC, namely, the fact that all multi-qubit operations can be done offline, fits MBQC to several physical systems such as photons 9, 10 , cold atoms 11 , ion traps 12 , and superconducting circuits 13 . Finding fewer and simpler measurement bases is essential for realizations of MBQC, because measurements are only online operations. Furthermore, when MBQC is applied to cloud (blind) quantum computing 14 , fewer and simpler measurement bases are more desirable for the client, who securely delegates his/her quantum computing to a remote quantum server.
In this paper, we propose a universal hypergraph state that only needs Pauli-X and Z basis measurements (for the definition of hypergraph states, see the "Hypergraph states" subsection in the Results section). Several previous universal resource states are summarized in Table 1 . We can see that except for the Mølmer-Sørensen graph state 15 , all previous universal resource states in Table 1 need at least three measurement bases. Our resource state is better than these resource states in the sense that our resource state only needs two Pauli-measurement bases. Although the Mølmer-Sørensen graph state also achieves two Pauli-measurement bases, i.e. Pauli X and Z bases, an important advantage of our universal resource state is that it is efficiently verifiable with only Pauli-X and Z basis measurements: we can check whether a given state is close to the ideal resource state or not by measuring each qubit in the X or Z basis (for details, see the "Verification of our universal hypergraph state" subsection in the Results section). The Mølmer-Sørensen graph state is, on the other hand, not known to be efficiently verifiable using only Pauli-X and Z basis measurements. More precisely, if other additional bases than the X and Z bases are allowed, weighted graph states are efficiently verifiable 16 . These additional bases should be necessary. This is because the stabilizer operators of weighted graph states are not linear combinations of tensor products of X and Z with real coefficients, and checking stabilizers seems to be the only way of efficiently verifying weighted graph states. In summary, our universal resource state achieves both the universality and the verifiability at the same time with only X and Z-basis measurements. This result should also be contrasted with the graph state case: the verification of graph states can be done with only X and Z-basis measurements [17] [18] [19] , but when we do MBQC on a graph state, an extra non-Clifford basis measurement is necessary due to the Gottesman-Knill theorem.
Our universal hypergraph state, which we denote | 〉 G n d , can simulate any n-qubit quantum circuit of depth d consisting of the Hadamard gate H ≡ |+〉〈0| + |−〉〈1| and the controlled-controlled-Z (CCZ) gate CCZ ≡ I ⊗3 − 2|111〉〈111| with only adaptive X and Z-basis measurements, where |±〉 ≡ | 〉 ± | 〉 ( 0 1 )/ 2, and I is the two-dimensional identity gate. Since Note that in this paper we require that a resource state is a fixed state independent of the quantum circuit that we want to implement, because otherwise we cannot enjoy the advantage of MBQC. For example, universal quantum computing is possible with X and Z-basis measurements on Feynman-Kitaev history states [21] [22] [23] . However, they cannot be generated before the quantum circuit is fixed. (More trivially, no measurement is required to simulate a quantum circuit U if our "resource state" is U|0〉 ⊗n ). Furthermore, in order to demonstrate an advantage of our hypergraph state, we propose a verifiable blind quantum computing (VBQC) protocol in which the client only needs X and Z-basis measurements. In VBQC, a client with computationally weak quantum devices delegates universal quantum computing to a remote quantum server in such a way that the client's privacy (input, algorithm, and output) is information-theoretically protected and at the same time the honesty of the server is verifiable. In the original proposal of VBQC 24 , the client has to prepare ten kinds of single-qubit states at the server's side. Although this requirement for the client has already been reduced to the X and Z-basis measurements in ref. 25 , our VBQC protocol is much simpler than it (for details, see the "Application" subsection in the Results section). The reduction of the number of measurement bases required for MBQC and its verification would be a plausible way to ease the client's burden in the sense that it seems to be impossible to make the client of VBQC completely classical as long as we require the information-theoretical security [26] [27] [28] .
Results
This section is organized as follows: first, as preliminaries, we review the definition of hypergraph states. Second, as the main result, we construct the universal hypergraph state that enables universal quantum computing with X and Z-basis measurements. Third, we discuss the verifiability of our hypergraph state without assuming any i.i.d. property. Finally, we propose the VBQC protocol using our hypergraph state.
Hypergraph states.
In this subsection, we review the definition of hypergraph states 29 . Note that in this paper, we only consider hypergraph states satisfying 2 ≤ |e| ≤ 3 for all e ∈ E, where |e| is the number of vertices in the hyperedge e, because such a restriction is enough for the construction of our hypergraph state. When |e| = 2 and 3, the generalized CZ gate becomes the conventional CZ gate CZ ≡ |0〉〈0| ⊗ I + |1〉〈1| ⊗ Z and the CCZ gate, respectively. Since the CCZ gate is a non-Clifford operation, hypergraph states are out of the application range of the Gottesman-Knill theorem.
pauli-X and Z universal hypergraph state. In this subsection, we give an intuitive idea of how to con- Step 1: Simulation of H and CCZ up to byproducts. Figure 1 . The hypergraph G 3 1 to define the hypergraph state | 〉 G 3 1 simulating any quantum circuit of depth one consisting of H and CCZ on three input qubits. The orange rectangle represents a hyperedge connecting three vertices, which corresponds to the CCZ gate. The black lines represent edges connecting two vertices, which correspond to the CZ gates. The hypergraph G 3 1 has 66 vertices and is separated into five regions. In addition, the fourth region is also separated into three parts. Each circled number represents the number of each region. Since input (blue) and output (yellow) qubits are prepared in the first and the fifth regions, we call them the input and output regions, respectively. For example, if we simulate the CCZ gate using | 〉 G 3 1 , the three input qubits corresponding to three blue vertices are finally teleported to three output qubits corresponding to three yellow vertices while CCZ is applied.
The first region in Fig. 1 corresponds to three input qubits. The second region corresponds to the one-depth quantum computation. In MBQC, by measuring a qubit whose state is |ψ〉 in the X basis, |ψ〉 is teleported to a neighboring qubit connected to the measured qubit while H is applied on |ψ〉. In other words, the state of the neighboring qubit becomes H|ψ〉 up to a Pauli byproduct. On the other hand, by measuring a qubit in the Z basis, we can decouple the qubit from other qubits. In this proof, we use these two properties of MBQC.
First, we explain how to perform a tensor product of single qubit operations, i.e.
Remember that we now focus on the universal gate set {H, CCZ}). These operations can be realized by the combination of the Hadamard gates and the identity operators. In Fig. 2 , we give the explicit measurement patterns to realize these two operations. We choose a single path by the X-basis measurements, and delete other two paths by the Z-basis measurements. Consider for instance applying H ⊗ H ⊗ I on input qubits |+〉
⊗3
. In this case, for the first and the second input qubits, we select the lower paths. For the third input qubit, we select the upper path. As a result, from the two properties of MBQC, (H ⊗ H ⊗ I)|+〉 ⊗3 is prepared in the third region up to byproducts. Since the byproducts are tensor products of X and Z, we can remove its effect by adapting following single-qubit measurement directions.
However, when we simulate CCZ, byproducts include the CZ gates, because X i (CCZ ijk )X i = CCZ ijk CZ jk . In order to simulate CCZ, we measure qubits in the first and the second regions following the measurement pattern in Fig. 3 . This measurement pattern corresponds to select the middle paths for all input qubits. As a result, the state of qubits in the third region becomes CCZ|+〉 ⊗3 up to byproducts including CZ gates. Since CZ is not a single-qubit Pauli operation, we have to correct it.
Step 2: Correction of nonlocal byproducts caused by applying a CCZ. In order to correct CZ gates, we use qubits in the fourth region in Fig. 1 . Note that Pauli byproducts do not have to be corrected at this time because they can be accounted by adapting following single-qubit measurement directions. In the fourth region, we again use X and Z-basis measurements to realize gate teleportations and decoupling. Now, as a byproduct, there are three kinds of CZ gates, i.e. CZ 12 , CZ 13 , and CZ 23 . The three parts of the fourth region are prepared to correct each of them. In the first part of the fourth region, there are two paths for the first and the second input qubits. If qubits in the upper paths are measured in the X basis and other two qubits in the lower paths are measured in the Z basis, CZ is applied on the first and the second input qubits. In other words, we can correct the byproduct CZ 12 . On the other hand, if we do not want to apply the CZ 12 , we select the lower paths, i.e. measure qubits in lower and upper paths in the X basis and the Z basis, respectively. With respect to the third input qubit, by measuring qubits in the X basis, the state in the third region is teleported to the region between the first and the second parts of the fourth region. The same argument holds for the second and the third parts of the fourth region to correct CZ 13 and CZ 23 . Finally, the output quantum state is teleported in the fifth region up to Pauli byproducts. Therefore, we can simulate any quantum circuit of depth one consisting of H and CCZ on three input qubits using the hypergraph state | 〉 A hypergraph state for one-depth quantum computing on n input qubits. In this subsection, based on the hypergraph state | 〉 G 3 1 given in the previous subsection, we construct another hypergraph state | 〉 G n 1 that can simulate one-depth quantum computing on n input qubits. Before explaining the general construction of | 〉 G n 1 for any n, here we explain our basic idea with a simple example of n = 4. When n = 4, one-depth quantum computing means that we can apply . In other words, we embed all patterns of one-depth quantum computing on four input qubits into the hypergraph state | 〉 G 4 1 defined by Fig. 4 , and then we select a single pattern from them using X and Z-basis www.nature.com/scientificreports www.nature.com/scientificreports/ measurements. Therefore, the hypergraph state | 〉 G 4 1 defined by Fig. 4 1, 2, 3) and (n − 2, n − 1, n) The derivation of Eq. (1) is given in the Methods section. In Definition 2, when n = 4, (i, j, k) can be equal to (1, 2, 4), (1, 3, 4) , and (2, 3, 4). For each value, t = 1, 2, and 3, respectively. Therefore, in this case, | 〉 G n 1 indeed becomes the hypergraph state corresponding to G 4 1 shown in Fig. 4 . In addition, since | 〉 G 3 1 is composed of 66 qubits, from Definition 2, we can calculate the number of qubits in | 〉 G n 1 as follows:
The hypergraph state | 〉 G n 1 satisfies the following corollary: Fig. 5 ) except for ones in the mth group are measured in the X basis. By doing so, the state of output qubits in the tth group is teleported to input qubits in the t + 1th group via qubits in the final layer. Here, input qubits in the t′th group (1 ≤ t′ ≤ m) are composed of three input qubits in | 〉 ′ G t 3 1 and n − 3 qubits (white vertices in Fig. 5 ) that are not in the final layer. On the other hand, output qubits in the t′th group are composed of three output qubits in | 〉 ′ G t 3 1 and n − 3 qubits (white vertices in Fig. 5 ) that are not in the final layer. Note that the n − 3 qubits are input qubits as well as output qubits in the t′th group. Therefore, we can simulate one-depth universal quantum computing on n input qubits.
A hypergraph state for universal quantum computing. Using qubits, which enables d-depth universal quantum computing on n input qubits with only adaptive X and Z-basis measurements, as follows:
Definition 3
The hypergraph state | 〉 G n d is the state constructed in the following three steps (see Fig. 6 ):
Step www.nature.com/scientificreports www.nature.com/scientificreports/ 
. For all t (1 ≤ t ≤ d − 1), apply the CZ gate on each of |+〉 in the t-th column and each of the right-most qubit (output qubit) in the m-th group of | 〉 G n t 1 such that the j-th (1 ≤ j ≤ n) qubit from the top in the t-th column is connected to the j-th output qubit from the top in the m-th group of
Hence, when d = poly(n), the number of vertices of G n d is poly(n). Furthermore, the maximal number of vertices connected to a hyperedge is upper bounded by a constant number, which is three in our case. Therefore, the www.nature.com/scientificreports www.nature.com/scientificreports/ number of hyperedges is also poly(n). In short, our hypergraph state | 〉 G n d is generated in poly(n) time from poly(n) qubits when d = poly(n).
Our universal hypergraph state | 〉 G n d satisfies the following theorem:
Theorem 2 The hypergraph state | 〉 G n d in Definition 3 can simulate any quantum circuit of depth d consisting of H and CCZ on n input qubits with adaptive X and Z-basis measurements.
Proof. Using the teleportation by the X-basis measurement, we can teleport the state of output qubits of | 〉 G n t 1 to input qubits of | 〉 + G n t Verification of our universal hypergraph state. In this subsection, we discuss the verifiability of our hypergraph state | 〉 G n d without assuming any independent and identically distributed (i.i.d.) property. Let us consider the following general situation: there exist two parties, Alice and Bob. Alice can only perform single-qubit measurements and has no quantum memory. On the other hand, Bob possesses a universal quantum computer, i.e. he can prepare universal resource states. Therefore, she delegates the preparation of universal resource states www.nature.com/scientificreports www.nature.com/scientificreports/ to Bob, and he sends each qubit of his generated state one by one to Alice. However, since she does not trust him, she has to verify the correctness of his state.
Let us assume that we want to verify an N-qubit hypergraph state |G〉 corresponding to the hypergraph G. So far, several verification protocols for hypergraph states have been proposed [30] [31] [32] . All of them require only Pauli-X and Z basis measurements. This is a reason why we tried to construct a universal hypergraph state that only requires Pauli-X and Z basis measurements for universal MBQC. The most resource-efficient one 32 is the following protocol (see Fig. 7 
Let us define χ(G).
It is the chromatic number of G, i.e. the minimal number of colors in any hypergraph coloring of G. Here, a hypergraph coloring is a way of coloring each vertex such that no hyperedge contains two vertices having the same color. We say that G is χ(G)-colorable. Let C i (1 ≤ i ≤ χ(G)) be the set of vertices colored by the ith color. By definition, any two elements of C i are disconnected to each other, and
, where V is the set of vertices of G.
We also define the ith color test. ith color test We measure qubits in C i in the X basis and other qubits in the Z basis. These measurements correspond to measure stabilizers of |G〉. Let o j be the measurement outcome on the jth
j e E e j k e k j k , for all j ∈ C i , we consider that the ith test is passed. Here,  ∈ | e E e j means the summation over hyperedges that include the jth vertex. Equation (4) means that the tested register is properly stabilized.
This verification protocol satisfies the following theorem:
where ⋅ ⌈ ⌉ is the ceiling function. Then, if Alice proceeds step 3, with significance level δ, , and sends each qubit of them to the client one by one. 3. For the ′  th hypergraph state, the client performs MBQC. For other  hypergraph states, the client applies the cover protocol of the "Verification of our universal hypergraph state" subsection. 4 . If the  hypergraph states pass the cover protocol, the client accepts the outcome of the MBQC on the ′  th hypergraph state. Otherwise, the client rejects the outcome. 
to the client in our VBQC protocol, the privacy of the client is information-theoretically preserved due to the no-signaling principal. The verifiability of our VBQC protocol is automatically satisfied by the verification protocol.
In the original proposal of VBQC 24 , the client has to prepare ten kinds of single-qubit states at the server's side. Although this requirement for the client has already been reduced to the X and Z-basis measurements in ref. 25 , our VBQC protocol is simpler than it, and our constructive method is completely different from theirs. In particular, the security proof of our VBQC protocol is much simpler because our VBQC protocol needs only one-way communication and therefore the security is trivially satisfied due to the no-signaling principle, while the protocol of ref. 25 needs two-way communications. Furthermore, the verifiability of the protocol in ref. 25 has been shown by appropriately tailoring the verifiability proof of the original proposal 24 to this protocol. On the other hand, the verifiability of our VBQC protocol is automatically shown from the verifiability of hypergraph states. This difference also makes our VBQC protocol simpler than that in ref. 25 . Note that there are mainly two types of VBQC protocols. In the first type, the client prepares single-qubit states and then sends them to the server. All of measurements are delegated to the server. This type includes the original VBQC protocol 24 . On the other hand, in the second type 14 , the preparation of universal resource states is delegated to the server. The only requirements for the client are single-qubit measurements on the received resource states. Our VBQC protocol is constructed by applying our hypergraph state to the second-type VBQC protocol.
Discussion
We have constructed a hypergraph state that enables universal quantum computing with only X and Z-basis measurements. We have also shown that these two measurements are sufficient to verify our hypergraph state, and have also constructed a VBQC protocol, which only requires X and Z-basis measurements for the client. Our result decreases the number of measurement bases required for reliable MBQC from existing universal resource states. Two seems to be the optimal solution, because no feed-forward operation is possible if only a single measurement basis is used.
In this paper, we have considered a hypergraph state. It is open whether two measurement bases are enough also for a (an unweighted) graph state. It might be possible to find a measurement pattern on a graph state where only two measurement bases are enough for universal MBQC. However, we point out that if we require that the MBQC is verifiable at the same time and use one of existing verification protocols [17] [18] [19] , at least three measurement bases should be necessary. The reason is as follows. As far as we know, all of existing verification protocols require X and Z-basis measurements for the verification of graph states. However, due to the Gottesman-Knill theorem, only X and Z-basis measurements are not enough for the universality. Therefore, at least a single non-Clifford basis measurement should be added, and in total, three measurement bases are necessary. Our resource state realizes universal MBQC and its verification with the minimum number of local measurements when we restrict verification protocols to be one of existing protocols. (Also remember that in the case of weighted graph states, X and Z-basis measurements are enough for the universality 15 , but they do not seem to be enough for the verification.) Our hypergraph state has two advantages over the Union Jack state, which is another universal hypergraph state 33 . First, MBQC on our hypergraph state uses no imaginary number, while that on the Union Jack state does, because it needs Y-basis measurements. This feature should simplify the further theoretical analysis of MBQC on hypergraph states. As a concrete example, let us consider the self-testing. Simply speaking, the self-testing is a device-independent verification for a set of a state and operators. To devise a self-testing protocol, a certain equivalence between two sets of a state and operators is defined. A definition of equivalence used, for example, in ref. 34 is tailored for the case where the ideal set of a state and operators contains no imaginary number. Although the definition can be extended to the imaginary-number case 35 , the MBQC on our universal hypergraph state does not need such the extension. This property may facilitate the proposal of a self-testing protocol for a set of our hypergraph state and Pauli-X and Z basis measurements. Second, our proof of universality is simpler than their proof, because they use the percolation argument, while we only use the basic techniques of MBQC (i.e. the teleportation by the X-basis measurement and the decoupling by the Z-basis measurement). Note that the deterministic universality (i.e., universality without the percolation argument) has already been achieved in ref. 36 . As an advantage of their universal hypergraph state over ours, their state enables to parallelize the CCZ and SWAP gates while it requires more number of measurement bases than ours (i.e., three Pauli bases). It would be an interesting future work to consider whether we can construct a resource state that has both of our and their advantages without losing the deterministic universality.
At the last of this section, we mention the relation between the complexity of resource states and the required number of measurement bases for the universality. The cluster state 37 only has the CZ gates and requires two Pauli-basis measurements and one additional non-Clifford measurement for the deterministic universality 38 (see Table 1 ). The Union Jack state only has the CCZ gates and requires three Pauli-basis measurements for the probabilistic universality due to the percolation argument 33 . This probabilistic universality can be improved to the deterministic one using another hypergraph state in ref. 36 . that also only has the CCZ gates and requires only three Pauli-basis measurements for the univeisality. Our hypergraph states uses the CZ and CCZ gates, but the universality (and the verifiability) is achieved using only Pauli-X and Z basis measurements. The Mølmer-Sørensen graph state, which is a weighted graph state, only uses one type of two-qubit phase gates and requires only Pauli-X and Z basis measurements for the deterministic universality 15 . Furthermore, the cluster state, the Union Jack state, and the Mølmer-Sørensen graph state are embedded in two-dimensional space while ours and the hypergraph state in ref. 36 . are not. Roughly speaking, these known facts including our present result indicate that making a www.nature.com/scientificreports www.nature.com/scientificreports/ resource state somewhat complex gives an advantage in the number of measurement bases. However, the relation between the complexity of resource states and the number of measurement bases seems to, in general, depend on the construction of universal resource states. Therefore, although the complete characterization of the relation would be an interesting direction of research, it seems to be hard, which is beyond the scope of our current research.
Methods
In this section, we derive Eq. (1) in Definition 2. We would like to define t such that it increases one by one from 0 as (i, j, k) becomes (1, 2, 3), (1, 2, 4), (1, 2, 5), …, (1, 2, n), (1, 3, 4), …, (1, 3, n), …, (1, n − 1, n), (2, 3, 4) , …, (n − 2, n − 1, n). In other words, the number t specifies the distance between (i, j, k) and (1, 2, 3 ). For example, since (1, 2, 4) is the next triple of (1, 2, 3) , the number t must be one when (i, j, k) = (1, 2, 4) . In order to ease the derivation, here we define ≡ + t t 1. First, we consider the case of (i, j, k) = (1, 2, k) (3 ≤ k ≤ n). In this case, = − t k 2. In the case of (i, j, k) = (1, 3, k) (4 ≤ k ≤ n), = − + − t n k ( 2) ( 3). Here, (n − 2) is the value of t of the triple (1, 2, n) . In the same way, when (i, j, k) = (1, 4, k) (5 ≤ k ≤ n), = − + − + − t n n k ( 2) ( 3) ( 4). Second, repeating the same calculation, when (i, j, k) = (1, j, k) and 3 ≤ j < k ≤ n, Repeating this calculation for i, we can obtain Eq. (1).
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